Background: Studies have shown the frequent coexistence of Lewy pathology (LP) in Alzheimer's Disease (AD). Objective: The aim of this study was to determine the influence of LP on the clinical and cognitive phenotype in a cohort of patients with a neuropathological diagnosis of AD. Methods: We reviewed neuropathologically proven AD cases, reaching Braak stages V and VI in the brain banks of Lille and Paris between 1993 and 2016, and classified them according to LP extension (amygdala, brainstem, limbic, or neocortical). We then searched patient files for all available clinical and neuropsychiatric features and neuropsychological data. Results: Thirty-three subjects were selected for this study, among which 16 were devoid of LP and 17 presented AD with concomitant LP. The latter were stratified into two subgroups according to LP distribution: 7 were AD with amygdala LP and 10 were AD with 'classical' (brainstem, limbic or neocortical) LP. When analyzing the incidence of each clinical feature at any point during the disease course, we found no significant difference in symptom frequency between the three groups. However, fluctuations appeared significantly earlier in patients with classical LP (2 ± 3.5 years) than in patients without LP (7 ± 1.7 years) or with amygdala LP (8 ± 2.8 years; p < 0.01). There was no significant difference in cognitive profiles. Conclusion: Our findings suggest that the influence of LP on the clinical phenotype of AD is subtle. Core features of dementia with Lewy bodies do not allow clinical diagnosis of a concomitant LP on a patient-to-patient basis.
INTRODUCTION
Alzheimer's disease (AD) and dementia with Lewy bodies (DLB) are two leading causes of degenerative dementia in the elderly. AD, on the one hand, is pathologically characterized by intraneuronal inclusions of tau protein forming neurofibrillary tangles, and by extracellular deposits of amyloid-␤ peptide (A␤) in senile plaques [1] . While senile plaques are widespread early in the course of AD, neurofibrillary tangles progress according to Braak stages from the transentorhinal cortex (stage 1) to the neocortex (stages [5] [6] , where AD becomes fully symptomatic [1, 2] . Lewy pathology (LP) on the other hand are intraneuronal inclusions of ␣-synuclein forming Lewy bodies and Lewy neurites. The anatomical extension of LP has been divided into three main subtypes (brainstem, limbic [transitional] , and diffuse neocortical) [3, 4] . DLB is mostly diagnosed when LP reaches this latest stage. Additionally, LP can be concentrated in the amygdala without significant involvement of the brainstem, limbic areas or the neocortex [3] .
However, AD and DLB are often intertwined. Studies have shown the frequent coexistence of LP in AD [5] [6] [7] , a situation referred to as LB variant of AD, AD with DLB or AD with LBs in the literature. Furthermore, up to one third of AD cases without significant LP in the brainstem, limbic areas or neocortex present with LP in the amygdala [8, 9] , a condition termed AD with amygdala Lewy bodies.
Several studies have tried to determine whether LP had an influence on the clinical phenotype of AD. Findings have been inconsistent so far. For instance, Stern et al. did not observe any relation between LP and AD clinical phenotype [10] . In a much broader retrospective clinic-pathological cohort, Chung et al. showed that patients who had AD with LBs had higher Neuropsychiatric Inventory Questionnaire (NPI-Q) and Unified Parkinson Disease Rating Scale (UPDRS) motor scores as compared with those without [11] . However, there were no data on specific LP subtypes. In particular, the clinical correlates of AD with amygdala LP remain notoriously elusive.
Identification of concomitant LP may however be crucial for AD management. DLB patients have a cognitive profile characterized by fluctuations, prominent attentional deficits, and executive and visuospatial dysfunction, which requires specific cognitive training and caregiver education. Therapeutic approaches must take into account the potential reduction of neuropsychiatric symptoms with cholinesterase inhibitors and the sensitivity to serious adverse events with antipsychotics. Furthermore, acknowledgement of a concomitant pathology contributing to cognitive dysfunction is paramount for clinical trials targeting AD pathology.
The aim of this retrospective clinic-pathological study was to determine the influence of LP according to its anatomical extension in AD. Clinical and neuropsychological characteristics of patients with a neuropathological diagnosis of AD were compared in different LP subtypes.
MATERIALS AND METHODS

Subjects
We reviewed cases with autopsy-proven AD in Lille and Paris brain banks between 1993 and 2016. To avoid any ambiguity as to whether some cases should have been requalified as probable DLB, AD diagnosis was retained only if National Institute on Aging-Alzheimer's Association (NIA-AA) pathology score was high and Braak neurofibrillary pathology score was V-VI [2, 12] . Depending on the presence and extent of concomitant LP, this situation corresponds to a zero, low or intermediate likelihood of DLB [4] . Additionally, we excluded the subjects with confounding diagnoses, including significant cerebrovascular disease. Subjects had to have been followed up by an expert memory clinic with all clinical and neuropsychological data available.
Neuropathological assessment
Autopsies were performed in Lille, Paris, Marseille, Nice, and Montpellier University Hospitals and brains were recovered in the departments of neuropathology of Lille (n = 22) and Paris (n = 11). AD diagnosis was established according to the NIA-AA criteria [12] . LP was screened according to current protocols using a monoclonal antibody against ␣-synuclein. The extension of LP was classified into one of the aforementioned subtypes [3] .
Informed consent for autopsy was obtained before death from the patient or at the time of death from the next of kin.
Clinical and neuropsychological assessment
Demographic data included sex, age at onset, age at the initial visit, age at death and education. Disease duration was calculated based on age at onset and age at death.
For each patient, all the available reports were searched for clinical features (parkinsonism, fluctuations) and neuropsychiatric symptoms (hallucinations, delusion, anxiety, apathy, irritability, disinhibition, depression and agitation). Each symptom was placed on a timeline from disease onset until death, to report their appearance and duration during the course of AD. We collected Mini-Mental Status Examination (MMSE), Mattis Dementia Rating Scale (MDRS), and Frontal Assessment Battery (FAB) scores when they were informed and placed them on the time line [13] [14] [15] . The clinical diagnoses were collected as well at each visit.
Statistical analysis
The results of quantitative variables are presented as a mean or median ± standard deviation (SD). For dichotomous variables, numbers and calculated percentages are presented. The comparative analyses of clinical and demographic data were performed using Fisher's and chi-square tests for dichotomous variables and one-way analysis of variance for quantitative variables. Results were deemed significant if p < 0.05.
RESULTS
Study population
Thirty-three subjects were selected for this study, among which 16 were AD without LP and 17 were AD with LP. The 17 subjects with LP were stratified into 2 groups based on LP distribution. Seven subjects had AD with amygdala LP and 10 had AD with limbic, brainstem or diffuse neocortical LP, hereafter referred to as 'classical' LP (Fig. 1) .
Demographic characteristics
The characteristics of patients with pure AD, AD with amygdala LP and AD with extra-amygdala LP are summarized in Table 1 . Disease duration, education and sex distribution did not significantly differ between groups. The mean age at onset was significantly lower for subjects who had AD with amygdala LP (53.6 ± 4.4 years) than for subjects who had AD without LP (61.9 ± 8.4 years) or AD with classical LP (66.2 ± 9.6 years; p = 0.01). 
Antemortem clinical diagnosis
Of the 16 subjects without LP, 14 (88%) were diagnosed with AD clinically diagnosed, among which one was diagnosed with AD with DLB. The remainder was diagnosed with DLB (n = 1) and semantic dementia (n = 1).
Of the 17 subjects with LP, 15 (88%) were diagnosed with AD before death, among which one was correctly diagnosed with AD with DLB. The remainder was diagnosed with DLB (n = 1) and corticobasal degeneration (n = 1). All 7 subjects with amygdala LP were diagnosed with AD.
Overall, of the 33 pure or combined AD patients included in the study, 29 (88%) were correctly diagnosed with AD antemortem.
Clinical characteristics
Comparisons of the clinical features between patients with pure AD, AD with amygdala LP and AD with classical LP is summarized in Tables 2  and 3 .
When analyzing the incidence of each clinical feature at any point during the course of the disease, we found no significant difference between the three groups. Parkinsonism was more frequent in AD with classical LP (80% versus 44% in AD without LP and 43% in AD with amygdala LP) but results failed to reach significance. Hallucinations were not specific to AD with classical LP (50%) but were also common in AD without LP (50%) and in AD with amygdala LP (71%). Anxiety and apathy appeared to be more frequent in AD with amygdala LP (86% and 57%) than in AD without LP (38% and 31%) and AD with classical LP (40% and 10%, respectively) but then again, results were not significant.
We then looked for the delay of onset of each symptom from the start of the disease. Although there was no difference in the frequency of fluctuations between groups, fluctuations appeared significantly earlier in patients with classical LP (2 ± 3.5 years) than in patients with AD without LP (7 ± 1.7 years) or with amygdala LP (8 ± 2.8 years; p < 0.01). Hallucinations and anxiety tended to appear earlier in AD with classical LP but results were not significant.
Neuropsychological tests
Comparison of the MMSE, FAB and MDRS scores between the three groups is summarized in Table 4 . Analysis of covariance revealed no significant differences. Analysis of FAB subscores (conceptualization, mental flexibility, programming, sensitivity to interference, inhibitory control and environmental autonomy) as well as analysis of MDRS subscores (attention, initiation, construction, conceptualization and memory) revealed no significant differences.
DISCUSSION
The main finding of this retrospective clinicopathological study is that concomitant LP in AD is not reliably diagnosed in expert memory centers. We found that LP was correctly predicted in only 2 of 17 AD cases, one of which was thought to be 'pure' DLB. Sensitivity of the clinical diagnosis of LP was especially low (2/17 cases with any kind of LP and 2/8 cases with classical LP). Interestingly, positive predictive value was low as well, since only 2/5 cases with a predicted Lewy body disease did have LP at autopsy.
Noticeably, fluctuations appeared significantly earlier in AD with classical LP. The importance of fluctuations in DLB diagnosis has been confirmed in the latest clinical criteria [4] . Of the three 'historical' core clinical features, i.e., parkinsonism, hallucinations, and fluctuations, it is the most counter-intuitive feature. Accurate diagnosis of fluctuations requires training, and the use of semi-structured questionnaires provides a valuable help [16] . Yet fluctuations stand among the most specific features of DLB. Like other core features, fluctuations can be part of 'pure' AD in later stages [17] . However, our results show that it might be the feature that best differentiates 'pure' AD from AD with classical LB when it is present early in the course of the disease. In contrast to our findings, a recent clinico-pathological study by Thomas et al. showed that the emergence of complex visual hallucinations in the course of AD suggested the presence of LP. However fluctuations at baseline or in the course of the disease was not associated with LP [18] . The reasons for this discrepancy are unclear and might be due to the younger age of our patients, the simpler characterization of hallucinations and the better characterization of fluctuations and chronological appearance of symptoms in our work.
DLB is classically characterized by cortical and sub-cortical impairments with attentional deficits and executive and visuospatial dysfunction [4] . However, this distinctive cognitive profile seems to wane when AD pathology is present. We did not find any significant differences between subgroups in FAB or MDRS scores and subscores. Consistent with our findings, previous studies showed that patients with AD with LP did not differ significantly from 'pure' AD patients on neuropsychological tests [11, 19] . Only patients with 'pure' DLB performed worse on measures of executive function and attention [19] . Likewise, we did not show any difference in behavioral and psychological symptom beyond hallucinations. We did not confirm in our sample the greater prevalence of agitation and delusion previously reported in the in LB variant of AD [11, 20, 21] . Last, disease duration was not significantly different between subgroups in our sample. Literature generally supports a faster decline in the Lewy variant of AD. However results are inconsistent when it comes to disease duration ( [11, 19, 22] , reviewed in [23] ). Overall, our findings are similar to that of other comparative studies [24, 25] suggesting that the Lewy variant of AD is hard to distinguish from pure AD on the basis of cognitive profile and core clinical features. There is a complex paradoxical interplay between AD and LP. Indeed cognitive decline in DLB depends on AD pathology, but AD pathology alters the clinical phenotype and masks LP-specific symptoms [18, 26, 27] .
Interestingly, we found a younger age at onset in AD with amygdala LP. With the noticeable exception of Chung et al. [11] , most studies have found no significant differences in age at onset in AD with or without LP [21, 25, 28, 29] . However, to our knowledge, there was no specific data on the amygdala variant. It may be that concomitant pathologies on the medial temporal lobe lower the threshold for AD to become symptomatic and precipitate disease onset, as was shown for argyrophilic grain disease [30] .
AD with amygdala LP is generally thought to be an incidental finding without clinical correlate [8, 19] . Yet amygdala is a major component of the limbic system and has a major role in memory, learning, motivation, emotional regulation and autonomic control [31] . Interestingly we found that anxiety and apathy were more frequent in AD with amygdala LP, but results fell short to be significant. Likewise, Lopez et al. showed that AD with amygdala LP was associated with a higher prevalence of major depression [32] , a finding that is not universal [8] . Future studies should continue to decipher the clinical phenotype associated with amygdala LP.
Our study has several weaknesses. First, the lack of standardized scales to evaluate behavioral and psychological symptoms, fluctuation, parkinsonism or sleep disorders has to be acknowledged. Second, scarce or absent data on dysautonomia, olfactory impairment, and sleep disorders may have precluded identification of specific clinical markers of LP that could resist AD pathology [33] [34] [35] . Last, the low sample size is obviously the main limitation of our work as compared with others [11, 36] . However, we performed in-depth analysis of clinical reports from three specialized memory clinics. Data search was unbiased, blinded to neuropathological results, looking for clinical features that could allow prediction of LP in AD. We posit that although limited, the sample size would have allowed for detection of clinically relevant differences that could be of use for diagnosis.
In conclusion, our findings suggest that LP does not sufficiently alter the clinical presentation of AD to be diagnosed in a patient-to-patient basis. While bigger cohorts could identify differences, the clinical overlap with AD precludes DLB core features to be used as reliable diagnostic markers of LP in AD. Early fluctuation is perhaps the best clinical clue of LP in AD. Last, our study contributes to decipher the clinical phenotype associated with LP in the amygdala.
